We have previously identified a testis-specific poly(A) polymerase, TPAP (PAPβ), involved in poly(A) tail extension of specific mRNAs in the cytoplasm of round spermatids. Targeted disruption of the mouse TPAP gene resulted in the arrest of spermiogenesis due to reduced expression of haploid-specific genes required for morphogenesis of germ cells. To further elucidate the role(s) of TPAP in spermatogenesis, transgenic mice expressing an exogenous TPAP transgene on wild-type and TPAP-deficient backgrounds were generated and characterized. The transgenic mice overexpressing TPAP exhibited normal spermatogenesis and fertility. The sizes of some transcription factor mRNAs as the substrates of TPAP were also unaffected. Transgenic expression of the TPAP gene in the TPAP-deficient mice complemented both the incomplete elongation of the poly(A) tails of specific transcription factor mRNAs, and reduced expression of haploid-specific genes, resulting in the resumption of normal spermiogenesis. These data conclusively show that spermatogenesis requires the cytoplasmic elongation of the mRNA poly(A) tails catalyzed by TPAP, and imply the presence of a regulatory mechanism(s) defining the extent of the cytoplasmic mRNA polyadenylation.
permatogenesis is a highly specialized differentiation process of male germ cells. Diploid spermatogonia proliferate and meiotically divide into haploid spermatids that develop to spermatozoa. This differentiation program is regulated by a large number of stage-specific genes at the transcriptional, posttranscriptional, and translational levels [1, 2] . Because poly(A) tails of eukaryotic mRNAs are implicated in various aspects of mRNA metabolism, including the transport into the cytoplasm, stability, and translational control [3, 4] , the control of the poly(A) tail length is one of the posttranscriptional regulations of gene expression. Indeed, it is well known that the translational activation of dormant maternal mRNAs accompanies the cytoplasmic extension of the poly(A) tails during oocyte maturation and early embryogenesis [5] .
We have previously identified a testis-specific, cytoplasmic poly(A) polymerase, TPAP (PABβ) [6] . Male mice lacking TPAP, which were generated by homologous recombination in embryonic stem cells, showed the infertility due to the arrest of spermiogenesis [7] . Transcription of haploidspecific genes required for morphogenesis of male germ cells, including the flagellar formation and nuclear compaction, was severely impaired in the mutant mice. In addition, the loss of TPAP resulted in the incomplete elongation of poly(A) tails of Accepted for publication: December 17, 2003 Correspondence: T. Baba (e-mail: acroman@sakura.cc.tsukuba. ac.jp) specific transcription factor mRNAs in round spermatids. Thus, TPAP probably governs the germ cell morphogenesis by regulating the poly(A) tail lengths of specific mRNAs.
In this study, we have produced and characterized transgenic mice expressing an exogenous TPAP gene on wild-type and TPAPdeficient backgrounds. The excess production of TPAP has no effect on the poly(A) sizes and a b u n d a n c e o f m R N A s n e c e s s a r y f o r spermiogenesis. Moreover, expression of the transgene in the TPAP-deficient mice compensates for the incomplete elongation of the poly(A) tails of specific transcription factor mRNAs, and for reduced expression of haploid-specific genes required for spermiogenesis. Thus, the cytoplasmic extension of the mRNA poly(A) tails catalyzed by TPAP is essential for spermatogenesis.
Materials and Methods

Construction of transgene
A 6.94-kb genomic DNA fragment encoding mouse TPAP, which contained the 5'-and 3'-flanking regions with the sizes of 2.86 and 2.15 kb [7] , was used as a TPAP expression cassette. A 1.45-kb DNA fragment carrying the enhanced green fluorescent protein (EGFP) gene was excised from a pCAGGS-EGFP plasmid [8] , and ligated to a 2.88-kb fragment carrying the 5'-flanking region and a 5'-end part of the open reading frame of the TPAP gene. The resulting fragment was used as an EGFP expression cassette. Th e TPAP and EGFP expression cassettes were then ligated and introduced into the SalI site of pUC19 in a tail-totail orientation. The 11.27-kb insert was prepared by treatment with restriction enzyme SalI (Fig. 1A) .
Generation of transgenic mice
The transgene construct was microinjected into pronuclei of fertilized eggs from BDF1 mice (Japan SLC, Shizuoka, Japan), as described previously [9] . The eggs microinjected were then implanted into ICR pseudopregnant females. The transmission of the transgene onto the genome of founder mice was verified by PCR of tail DNA using a set of two oligonucleotide primers specific for the EGFP gene. The founder mice were bred with C57BL/6 mice (Japan SLC) to produce F1 heterozygotes for the transgene. 
Northern blot hybridization
Total cellular RNA was extracted from various tissues of 3-to 4-month-old mice with ISOGEN (Nippon Gene, Toyama, Japan), as described previously [6, 7] . The RNA samples were glyoxylated, separated on agarose gels, and transferred onto Hybond-N + nylon membranes (Amersham Biosciences). The blots were probed by 32 P-labeled DNA fragments, washed, and then analyzed by autoradiograghy or by a BAS-1800II Bio-Image analyzer (Fuji Photo Film, Tokyo). The DNA probes used were prepared by restriction 
Western blot analysis
fluoride, pepstatin A (1 µg/ml), leupeptin (1 µg/ ml), and 10 mM benzamidine using a Teflon-glass homogenizer at 750 rpm (5 strokes/min), as described previously [6] .
, and transferred onto Immobilon-P polyvinylidene difluoride membranes (Millipore). After blocking with 2% skim milk, the blots were incubated with affinity-purified antibody against mouse TPAP [6] at room temperature, and then reacted with horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch Laboratories). The immunoreactive proteins were detected by an ECL Western blotting detection kit (Amersham Biosciences).
Histological analysis
Freshly dissected testes and epididymides were fixed in Bouin's solution, and embedded in paraffin, as described previously [7] . Sections (4 µm) were stained with hematoxylin and eosin, and observed under an Olympus BX50 microscope.
Results and Discussion
Generation of transgenic mice
Although targeted disruption of the mouse TPAP gene (Tpap-/-) resulted in the complete arrest of spermiogenesis, the phenotype of the heterozygous mice (Tpap +/-) was apparently indistinguishable from that of the wild-type mice (Tpap +/+ ) [7] . Because the protein level of TPAP in Tpap +/-testis was approximately 50% of that in Tpap +/+ testis [7] , it is conceivable that the 50% reduction of TPAP is still enough to advance spermiogenesis normally. To examine whether overexpression of the TPAP gene affects spermatogenesis, transgenic mouse lines were established by introducing a transgene construct containing the TPAP and EGFP genes that are both directed to express under the control of the TPAP promoter (Fig. 1A) . Of 19 founder offspring, six (four males and two females) were positive for the integration of the transgene onto the genome, and then were used to obtain the transgenic F1 mouse lines. When total RNAs of the F1 male mice were analyzed by Northern blotting, three lines, termed Tg4, Tg9 and Tg17, were found to overexpress TPAP mRNA exclusively in the testis (Fig. 1, B and C) , and two lines, Tg4 and Tg9, were selected for further characterization. The mRNA and protein levels in the Tg4 and Tg9 testes were approximately 250 and 200% of those in the wild-type testis, respectively (Fig. 1, B and D) .
Effects of TPAP overexpression on spermatogenesis
Transgenic mice from Tg4 and Tg9 lines were normal in health conditions, development, and behavior. Breeding of Tg4 males with wild-type C57BL/6 females yielded normal average litter sizes (7.9 ± 1.1 offspring, n=8), and the transgene was transmitted to the progenies at an expected ratio (49%). No significant difference in the weight of testicular tissues was found between the wildtype mice (92.8 ± 7.0 mg, n = 6), and Tg4 and Tg9 transgenic mice (109.9 ± 15.3 and 85.7 ± 4.3 mg, respectively, n=4). Moreover, histological analysis demonstrated that spermatogenesis in these two transgenic lines proceeds normally, and the epididymal tubules are filled with sperm, as observed in the wild-type mice (Fig. 2) .
To examine whether excess production of TPAP influences the poly(A) sizes and abundance of other testicular mRNAs, Northern blot analysis of total RNAs from wild-type, Tg4, and Tg9 mouse testes was carried out (Fig. 3) . The sizes of mRNAs for TRF2, TFIIAγ, and TAF10 transcription factors were identical between the wild-type and two transgenic mouse lines. In addition, the mRNA levels of six testis-specific genes, including those of phosphoglycerate kinase-2 (PGK2), mitochondrial capsule selenoprotein MCS, sperm fibrous sheath component Fsc1, and protamine 1 (Prm1), in the Tg4 and Tg9 mice were similar to those in the wildt y p e m i c e .
T h e s e d a t a i n d i c a t e t h a t spermatogenesis allows of 2-to 2.5-fold TPAP overexpression at least in the mouse.
It has been reported that overexpression of poly(A) polymerase (PAP) interferes with cell growth and development [10, 11] . In Drosophila, a single PAP, product of the hiiragi gene, is involved i n b o t h t h e n u c l e a r a n d c y t o p l a s m i c polyadenylation [11, 12] . Overexpression of Drosophila PAP affects not nuclear but cytoplasmic polyadenylation; the excess production of PAP results in a dramatic elongation of mRNA poly(A) tails nonspecifically in the cell cytoplasm, which leads to embryonic lethality [11] . In the present study, because TPAP overexpression has no effect o n s p e r m i o g e n e s i s , a p o s s i b l e r e g u l a t o r y mechanism defining the extent of the mRNA polyadenylation is present in the cytoplasm of haploid germ cells at least in the mouse.
Resumption of phenotypic abnormalities in TPAPdeficient mice
A line of Tpap -/ -mice carrying the TPAP transgene (Tg4 +/-/Tpap -/-) was established by crossing between Tpap -/-and Tg4 mice. The levels of TPAP protein and mRNA in Tg4 +/-/Tpap -/-mouse testis were estimated to be 140% of that in the wild-type mouse testis (Fig. 4) . When Tg4
Tpap
-/-male mice were mated with C57BL/6 female mice, pregnancy was observed in all females, and the number of offspring born was also normal (8.3 ± 0.7 offspring, n=7). As expected, the reduction in the weight of testicular tissues in Tpap -/-mice (64.7 ± 5.0 mg, n= 10) was resumed by the introduction of the TPAP transgene: 92.8 ± 7.0 and 100.2 ± 11.2 mg (n=6 and 4) in Tpap +/+ and Tg4 +/-/Tpap -/-mice, respectively. Both production and transit of sperm in the testis and epididymis, respectively, were also normal in the Tpap +/+ and females to obtain Tg4 +/-/Tpap -/-F2 males. The m R N A a n d p r o t e i n l e v e l s o f T P A P i n t h e Tg4 +/-/Tpap -/-mouse testis were analyzed by Northern and Western blotting, respectively. Northern blot analysis of testicular RNAs (5 µg) from the wild-type (Tpap +/+ ), Tpap -/-, and Tg4 +/-/Tpap -/-mice was carried out using a 32 P-labeled cDNA fragment encoding each of transcription factors and testis-specific proteins. Note that the mRNA sizes of TRF2, TFIIAγ, and TAF10 transcription factors are identical between the Tpap +/+ and Tg4 +/-/Tpap -/-mice, although those in the Tpap -/-mice are approximately 50 to 100 nucleotides smaller (arrows) due to the incomplete elongation of poly(A) tails [7] .
Tg4
+/-/Tpap -/-mice (Fig. 5) . Thus, transgenic expression of the TPAP gene compensates for the phenotypic abnormalities in the Tpap -/-mice. As mentioned above, the loss of TPAP results both in the incomplete elongation of poly(A) tails of specific transcription factor mRNAs, and in the severe reduction of mRNAs encoding haploidspecific proteins required for morphogenesis of germ cells [7] . To ascertain the effects of TPAP transgenesis on expression of other genes at the molecular level, we carried out Northern blot analysis of total RNAs from Tg4 +/-/Tpap -/-mice (Fig. 6) . The mRNA sizes of TRF2, TFIIAγ, and TAF10 transcription factors were identical between the wild-type and Tg4 +/-/Tpap -/-mice, although those in the Tpap -/-mice were approximately 50 to 100 nucleotides smaller due to the incomplete elongation of poly(A) tails, as described previously [7] . In addition, the expression levels of testisspecific genes, including PGK2, MCS, Fsc1, and Prm1, in Tg4 +/-/Tpap -/-mice were comparable with those in the wild-type mice. These results demonstrate that TPAP is indeed capable of catalyzing the cytoplasmic elongation of the poly(A) tails of specific transcription factor mRNAs, including TAF10 mRNA, which is linked to expression of haploid-specific genes required for morphogenesis of germ cells.
In conclusion, our data presented here show that TPAP is essential for spermatogenesis. It is also suggested that TPAP is presumably involved in a regulatory mechanism(s) defining the extent of c y t o p l a s m i c p o l y a d e n y l a t i o n o f s p e c i f i c transcription factor mRNAs.
